Introduction
Mercury is an element known since ancient times. The first emperor of China, Qin Shi Huang, in an effort to achieve immortality, consumed medicines prepared by Taoist priests with cinnabar (HgS) as an ingredient. When he died, he was buried in a tomb at Xian surrounded by his terra cotta soldiers and "rivers of mercury" [1] . Mercury was also used extensively in the process of hatmaking. The inhalation of mercury vapor among workers led, over time, to neurological damage and manifestations such as slurred speech and distorted vision. This apparent mental confusion among members of that profession gave rise to the somewhat clichéd statement, "mad as a hatter" [1] .
The interesting and useful features of mercury, frequently given in introductory chemistry texts [2] , include the following. As the only metallic element that exists as a liquid at room temperature, it is found in thermometers, sphygmomanometers, electrical switches, and diffusion vacuum pumps. It is used in high-pressure lamps and fluorescent lights as a source of visible and ultraviolet radiation. Its triple point (-38.8344°C) is a fixed point on the International Temperature Scale 1990. It forms a range of inorganic and organometallic compounds, with many showing biological activity. Although mercury is still commercially useful, toxicity and environmental concerns have restricted the widespread use of mercury and mercury compounds.
The 199 Hg isotope is amenable to observation by nuclear magnetic resonance (NMR) spectroscopy. The spin-½ isotope has a natural abundance of 16.8%, and its receptivity relative to 13 C at natural abundance is 5.89. The first observation of 199 Hg NMR, the resonance of Hg 2 (NO 3 ) 2 in aqueous solution, was reported in 1951 [3] . Since that report, the NMR properties of a variety of solutions containing mercury compounds have been investigated. A compilation by Wrackmeyer and Contreras [4] contains a substantial tabulation of solution-state 199 Hg chemical shifts. The 199 Hg relaxation properties of neat mercury-containing liquids and mercury compounds dissolved in solvents ranging from alcohols and water to organic liquids have also been examined [5] [6] [7] [8] [9] . For smaller molecules such as dimethylmercury, Hg(CH 3 ) 2 , and for the Hg 2+ ion in aqueous solution investigated at the low resonance frequencies encountered when using electromagnets with fields of 2.35 T or less, spin-lattice relaxation is generally dominated by the spin-rotation interaction [4, 5] . However, many reports indicate that the chemical-shift-anisotropy (CSA) mechanism dominates the 199 Hg spin-lattice relaxation in mercury compounds in solution at field strengths greater than 4.7 T [4, 6] . Recently, Maliarik and Persson [7] have noted that "despite the number of 199 Hg NMR studies undertaken, information on the relaxation behavior of this nucleus is relatively scarce and is mostly related to linear organometallic HgR 2 complexes". Maciel and Borzo [8] reported that the relaxation in mercuric chloride (HgCl 2 ) at 1.4 M in ethanol is exponential, with a 199 Hg T 1 of 1.4 s at ambient temperature. A more thorough study of the magnetic-field dependence of spin-lattice relaxation at ambient temperature by Wasylishen et al. [6] demonstrated that the 199 Hg spin-lattice relaxation of HgCl 2 in an ethanolic solution is dominated by the CSA relaxation pathway [6] . In principle, measurement of the relaxation time together with an independent measurement or estimate of one parameter should allow specification of the correlation time and the magnitude of the chemical-shift anisotropy. However, they found, over the range of fields and temperatures investigated, that it was not possible to estimate either the correlation 3 time or the chemical-shift anisotropy, as an independent measurement of the other parameter was not available.
Most 199 Hg spectra are referenced to the position of the resonance of neat Hg(CH 3 ) 2 . Due to both the high toxicity and "revolting" odor of dimethylmercury, spectroscopists have sought more convenient, practical secondary standards. A 1.0 M solution of mercuric chloride, HgCl 2 , in dimethylsulfoxide (DMSO) has been proposed [9] as an external reference. The resonance position of mercury in this solution is reported to be -1501.6 ppm. As HgCl 2 is a Lewis acid [10] [11] [12] , its structure in electron-donating solvents may be expected to be different from that of the nearly linear Cl-Hg-Cl (bond angle of 178.9°) in the solid material [13] , which may result in a chemical shift that is strongly dependent on concentration and/or temperature. The use of DMSO as a solvent in the present study, as opposed to alcohols or water, is meant to eliminate or minimize hydrogen bonding to the chlorine [14] .
The observation of 199 Hg NMR in a solid material, obtained with cross-polarization and magic-angle spinning (CP/MAS) [15] [16] [17] [18] , was first reported by Harris and Sebald [15] for mercury acetate. Although their initial NMR study of the acetate was interpreted in terms of a crystal structure having two inequivalent mercury sites, later studies failed to reproduce the peak doubling reported in ref. [15] . Upon re-examination by other groups, the spectral structure observed for mercury acetate in the original study was determined to be an artifact caused by a deviation of the angle of rotation from the magic angle [17, 18] . In their note on the material, Harris and Sebald [15] remarked that the large number of spinning sidebands observed in the spectrum made mercury acetate "far from ideal as a standard" for cross-polarization. Later work provided alternatives to mercury acetate for setting up 1 [20] , whose spectra could be obtained by cross-polarization from protons. In particular, the resonance of mercury in (NEt 4 )Na [Hg(CN) 4 ] is easily detected with crosspolarization, making it a good candidate for optimizing spectroscopic conditions and for use as a secondary standard, with its chemical shift being -434 ppm [19] . Unfortunately, cross-polarization cannot be used in investigations of a species such as HgCl 2 because of the lack of protons. Direct polarization techniques, with their limitations, must be used to obtain the spectra.
The purpose of this investigation is to measure and compare the chemical-shift anisotropy of HgCl 2 in DMSO solution with that of HgCl 2 in the solid state. Such a comparison elucidates structural changes between the two condensed phases. The experimental chemical-shift results are compared with theoretical predictions, providing insights into structure and into strategies for the calculation of chemical shieldings. In addition, an examination of the magnetic-field and temperature dependences of the 199 Hg relaxation of HgCl 2 elucidates the mechanisms of relaxation in DMSO solution and the solid state. Analysis of the relaxation properties of the solution provides the molecular rotational correlation time as a function of temperature.
4

Experimental and Theoretical Methods
The 199 Hg NMR data were acquired at various magnetic field strengths using Bruker Avance 300, DSX 300, MSL 300, DRX 400, DRX 500, and AV 600 spectrometers. The solution NMR data were obtained from 0.1 M, 0.555 M, and 1.0 M samples of HgCl 2 in d 6 -DMSO. NMR data on static polycrystalline samples were measured with a standard Bruker X-nucleus wideline probe with a 5-mm solenoid coil. The 199 Hg π/2 pulse width was 3.75 µs. Data for determining the 199 Hg spin-lattice relaxation (T 1 ) in solution were acquired with an inversion-recovery sequence (π -τ -π/2 -acquire) [21] . The significantly longer spin-relaxation times in the solid state were measured by the saturation-recovery technique [21] . Temperature measurements for solution NMR were calibrated with ethylene glycol [22] while the chemical shift of lead nitrate was used to calibrate the solid-state measurements for static [23] and MAS [24] [25] [26] experiments.
Simulation of chemical-shift powder patterns for spectra obtained from static samples and from MAS were performed with the solids simulation package ("solaguide") in the TopSpin (Version 2.1) NMR software program from Bruker BioSpin.
Relativistic spin-orbit calculations using the zeroth-order regular approximation combined with density functional theory (ZORA-DFT) were performed using the Amsterdam Density Functional (ADF) program package [27] and its associated NMR program module [28] [29] [30] [31] . The module DIRAC was applied to generate the core potentials for all atom types. Shielding-tensor calculations employed the all-electron ZORA triplezeta basis with a double set of polarization functions, TZ2P. The local density approximation (LDA) of Vosko, Wilk and Nusair (VWN) [32] was used, augmented with the Becke88-Perdew86 generalized gradient approximation (GGA) (BP86) [33, 34] .
Calculations were performed on model anionic fragments representing the local structures. The model structures were generated from crystallographic data taken from the Inorganic Crystal Structure Database (ICSD) [35] . To the extent that long-range interactions do not influence the chemical shielding, calculations on fragments should provide an adequate model of the effects of structure on the chemical shielding.
Clusters representing HgCl 2 in DMSO solution were optimized at the same level of theory (ZORA-DFT with VWN and BP86), using an implicit DMSO solution simulation based on the conductor-like screening model (COSMO) implemented in ADF [36 -39] .
Results and Discussion
Solution Chemical Shift Measurements
As noted in the introduction, the accepted chemical shift reference for 199 Hg solution NMR spectroscopy is neat dimethylmercury, defined as δ = 0 ppm. However, the toxicity and odor of this compound often lead to the use of secondary references. Sens et al. [9] propose a 1.0 M solution of HgCl 2 in DMSO as an external reference, with a chemical shift of -1501.6 ppm at ambient temperature. This solution has been used for establishing the chemical-shift scale in this study.
Sens et al. [9] note several issues related to the use of HgCl 2 and other organomercury compounds as external references. These issues include concentration effects, difficulties arising from the dryness of the solvent, pH of the medium, and potential decoupling difficulties. Maliarik and Persson [7] have noted that "the 199 Hg chemical shifts can be misleading and non-reproducible unless the temperature is correctly specified or, preferably, the temperature dependence of the chemical shift of the studied species is determined". To address a possible temperature dependence of the secondary standard, the variation with temperature of the 199 Hg chemical shift of HgCl 2 in d 6 -DMSO was carefully evaluated, as shown in Figure 1 . There is a slight temperature dependence of the chemical shift, with the shift reaching a maximum of approximately -1498 ± 1 ppm near 350 K. There also appears to be a slight dependence of the chemical shift on concentration at 296 -297 K, as can be seen on Figure 1 , the shifts differing by about 3 ppm.
The crystal structure of HgCl 2 indicates that, in the solid state, the HgCl 2 molecule may be considered linear [13] , as shown in Figure 2 . The Cl-Hg-Cl angle is 178.9(5)°, with the two Hg-Cl distances slightly inequivalent at 228.4 pm and 230.1 pm. The crystal is orthorhombic with a space group of Pnma. Each mercury atom has four nonbonded interactions with chlorines on adjacent molecules (with distances ranging from 337 to 348 pm). By contrast, the structure of mercuric chloride in electron-donating solvents, which can interact with the Lewis acid mercury, may not be linear. In the late 1950s and early 1960s, DMSO became generally available, and the electron-donating functionality of the sulfur-oxygen moiety of sulfoxides was investigated. Several solidstate adducts have been reported. Cotton and Francis [40] isolated a "white crystalline substance" with an elemental analysis corresponding to (HgCl 2 ) 2 ·DMSO. Selbin et al. [41] used infrared spectroscopy and melting-point determination to characterize HgCl 2 ·DMSO. Biscarini and co-workers have also reported (HgCl 2 ) 2 ·DMSO [42] and provided a crystal structure for (HgCl 2 ) 3 ·(DMSO) 2 [43] . In this 3:2 adduct, two types of mercury atoms are present: one is somewhat similar to that found for pure HgCl 2 , but the second forms a dimer of HgCl 2 ·DMSO in which each oxygen is bonded to two mercury atoms.
More recent experimental evidence suggests a HgCl 2 ·(DMSO) 2 species in solution [11] . Molar conductance studies indicate that HgCl 2 does not dissociate in DMSO [42, 44] . 199 Hg NMR results are also consistent with a lack of dissociation in solution. For example, in the same solvent, a solvated mercury cation should show the same chemical shift for both the chloride and the acetate, as the mercury atom would be coordinated to the same ligand. However, such behavior is usually observed only with the perchlorate or triflate [7] . That such dissociation does not occur for mercuric chloride is demonstrated in Figure 3 . The resonance position of 0.5 M HgCl 2 is -1501.2 ppm, whereas that for 0.5 M HgBr 2 is -2058.4 ppm. The separate resonances show that there is no common solvated species present. As a matter of fact, the solvated species, [Hg(DMSO) 6 
2+ , is known [7, 20] and has shifts in solution in the range from -2100 to -2300 ppm [20] . In the solid state, the isotropic peak for this species is at -2313 ppm [20] . Despite the fact that there is no common solvated species, Figure 3 demonstrates that very fast ligand exchange occurs in the mixture (with an exchange rate on the order of 10 5 at ambient temperature). The middle spectrum results at room temperature when a sample is mixed and placed immediately (on the order of a minute) in the spectrometer.
Evidence from both solution and solid-state structures indicates two DMSO molecules on one side on the mercury atom in HgCl 2 , giving a "pseudo-tetrahedral configuration" 6 [45] . Analyses of the Raman and infrared spectroscopy of the stretching vibrational frequencies indicate a Cl-Hg-Cl angle of 162° in DMSO [14] , with an earlier solution Xray diffraction study suggesting ~165° [46] .
There is a decrease in the Hg-Cl bond strength as the bond length increases upon solvation of the mercury atom. In a related chemical system also studied with Raman and infrared spectroscopy, HgI 2 ·DMSO 2 has been crystallized from HgI 2 in supersaturated DMSO solutions [45] .
Chemical-Shift Measurements of the Solid and a Frozen Solution
The 199 Hg MAS spectra of polycrystalline HgCl 2 (acquired at 7.039 tesla) as a function of the sample rotation rate are shown in Figure 4 . The smooth lines represent Herzfeld-Berger [47] simulations to extract the principal components of the chemicalshift tensor. These results are compared in Table I with previously reported values obtained from spectra of a static sample [48] as well as of one undergoing MAS [49] . Figure 5 shows the 199 Hg variable offset cumulative spectrum (VOCS) of the static solid material, acquired by the technique of Massiot et al. [50] , together with a simulation.
The significant result, reflected in Table I and Figure 5 , is that the 199 Hg CSA is axially symmetric (η = 0) within experimental error. This finding is materially different from the asymmetry of η = 0.12 reported by Harris and co-workers [49] . Those authors noted that, for the reported CSA parameters, "accuracy was limited by the high noise levels, and because the spectra required baseline correction. Errors in the shielding tensor parameters were calculated by a published method. They are statistical in nature, and may underestimate the true errors, which would also have systematic and experimental reproducibility contributions." While baseline corrections were applied to the MAS spectra whose results are given in Table 1 , this contribution to the error should not affect the VOCS of the static sample obtained with a wideline probe.
The analysis of the 199 Hg VOCS shown in Figure 5 (B) warrants further comment. The spectral intensity varies across the resonance in accordance with the anisotropy of the chemical-shift interaction. This results in a lower sensitivity for the upfield δ 33 component of the spectrum relative to that for δ 11 and δ 22 . However, the MAS data provide an additional constraint on the simulation, as the isotropic value from the MAS spectrum is one-third of the trace of the chemical shift tensor, i.e., (δ 11 +δ 22 +δ 33 )/3. While Grishin et al. [48] were unable to resolve this spectral feature in their 199 Hg wideline spectrum of solid HgCl 2 , they did obtain a value for the δ 33 component by using the isotropic shift as measured in solution. As demonstrated above, the reported isotropic shift of HgCl 2 in d 6 -DMSO differs significantly from that of solid HgCl 2 as given in Table I . As a result, the literature values from Grishin et al. [48] for the CSA differ from those reported here.
The 199 Hg VOCS of a flash-frozen 1 M solution of HgCl 2 in d 6 -DMSO at 273 K is shown in Figure 6 . The signal-to-noise ratio of this spectrum is significantly lower than that of the polycrystalline solid of Figure 5 . Comparison of the concentration of the solution with that of the density of the solid indicates that the number of mercury atoms is down by a factor of about twenty in the frozen sample. The smooth line in Figure 6 is a simulated chemical-shift powder pattern with δ iso = -1291 ppm, ζ cs = -1400 ppm and η = 0.1 (or alternatively δ 11 = -521 ppm, δ 22 = -661 ppm, and δ 33 = -2691 ppm). 1 The experimental spectrum in Figure 6 for the frozen 1 M HgCl 2 in d 6 -DMSO solution indicates the presence of at least one other species, with a resonance band in the region around -1800 ppm. Neither species has the spectral characteristics of solid HgCl 2 , i.e., a precipitate.
In contrast to the flash-frozen solution, the 199 Hg high-resolution solution data indicate only a single species ( Figure S1 in the Supporting Information). The observed line shape is well described by a single Lorentzian with a full width at half height of 22.1 Hz.
Relaxation of HgCl 2 in DMSO Solutions
A second bit of evidence that there is, on the NMR time scale, but a single species in solution is the relaxation behavior. The spin-lattice relaxation data ( Figure S2 in the Supporting Information) are well fit by a single exponential, yielding a T 1 of 34.3 ms, measured at a field of 14.095 T and a temperature of 296 K. The dependence of the 199 Hg spin-lattice relaxation rate constant (1/T 1 ) on the square of the Larmor frequency (or, equivalently, the magnetic field) for HgCl 2 in d 6 -DMSO at 297 K in Figure 7 demonstrates that, at these magnetic field strengths, the CSA mechanism dominates the relaxation behavior. For this mechanism, the relaxation rate constant is given as [21] ( ) 
where γ is the magnetogyric ratio; B 0 is the magnetic induction; || σ and ⊥ σ refer to the shielding when the magnetic field is parallel and perpendicular to the symmetry axis of the tensor; ω is the resonance frequency; and τ c is the rotational correlation time. As shown in Figure 8 , the 199 Hg relaxation rate (1/T 1 ) of HgCl 2 in d 6 -DMSO decreases with increasing temperature, which excludes the possibility of relaxation due to the spinrotation relaxation mechanism [21] .
Measurement of the 199 Hg spin-lattice relaxation time as a function of field only provides the product of the anisotropy with the correlation time. The challenge is to measure one of these factors independently. For example, in a study of several mercury compounds, Wasylishen et al. [6] were unable to estimate the anisotropy and correlation time for HgCl 2 in solution, although they reported a correlation time of 40.8 ps for Hg(CN) 2 Figure 8 is consistent with a simple thermally activated process inducing relaxation. In the extreme-narrowing limit 1 Care must be exercised in referring to the chemical shift anisotropy, as there are two commonly accepted definitions [51] : Figure 7 , is 106 ± 7 ps.
Unlike the approach described above for determining the correlation time by measuring the anisotropy in a frozen solution, the usual method [7] for determining the correlation time involves measurement of the viscosity. The correlation time is determined from the Stokes-Einstein equation [52] kT
where η is the viscosity, k is Boltzmann's constant, T is the absolute temperature, and V is the volume of the molecule (the calculation of which requires the assumption of a model). For some molecules, the presence of other NMR-active atoms allows an independent determination of the correlation time. For example, Gillies et al. [53] assumed a linear geometry for Hg(C 6 H 5 ) 2 in solution and used variable temperature 13 C T 1 measurements for the carbon nucleus at the para position to determine a correlation time of 50 ps for motion perpendicular to the molecular axis. With this value, they inferred an anisotropy of 6800 ppm from the 199 Hg relaxation data. For Hg(CN) 2 in solution, Wasylishen et al. [6] obtained a correlation time of 40.8 ps from the width at half height of the 14 N resonance. However, they were unable to observe either the 35 Cl or 37 Cl resonance of HgCl 2 in solution, which prevented them from estimating either the correlation time or the anisotropy.
The correlation time may be estimated from the viscosities of the solutions at room temperature, which are tabulated in Table II , in accordance with equation (2) . Using the bond distances from the X-ray structure [13] The Stokes-Einstein equation was originally derived for a solute particle of radius r s moving through "a homogenous, continuous, incompressible fluid" [55] , implying that, on a molecular level, the radius of the solute is much greater than the radius of the solvent. Kivelson and co-workers [55] demonstrated, via a molecular-statistical derivation, that the relationship holds for a solute with a radius equal to or greater than that of the solvent, in agreement with experimental observation. This suggests that the calculation with the Stokes-Einstein relation is appropriate in this case, even though the volume of DMSO on the basis of van der Waals radii, 123.2 × 10 -30 m 3 , is not much smaller than that found for the HgCl 2 ·(DMSO) 2 . As noted above, a model must be invoked to calculate V for use in the Stokes-Einstein relationship. Kurnikova et al. [56] note that "it is not obvious how to treat the solute solvent frictional coupling when the solute displays complex formation with the solvent," leading to various models for defining a hydrodynamic volume for the solute molecule. The assumption of a slightly smaller molecular volume than either of those noted above would have brought this calculation into closer agreement with the spin-lattice relaxation-derived correlation time.
Strictly speaking, the chemical-shift interaction responsible for the relaxation of HgCl 2 dissolved in d 6 -DMSO is not likely to be axially symmetric, as reflected in equation (1) . After all, the experimental data [14, 46] suggest a Cl-Hg-Cl bond angle of about 165° in DMSO solution, rather than the near-linear bond in the solid. In the general case of chemical-shift-induced relaxation in "asymmetric top" molecules, three rotational correlation times are required to specify the random dynamics [57] . These three correlation times are often assumed to be identical because the motion is effectively isotropic. For example, in the general case of relaxation by modulation of an asymmetric chemical-shift tensor, Abragam considers only the result for fast isotropic random motion [58] . In the work presented here, the relaxation data are analyzed with equation (1), assuming an approximately axially symmetric chemical-shift tensor. The simulation of the spectrum of the frozen solution ( Figure 6 ) suggests that this is a reasonable approximation.
The 199 Hg spin-lattice relaxation data of Figure 9 indicate a dependence on the concentration of HgCl 2 in d 6 -DMSO, with the dependence being approximately linear. Without cross-correlation effects, the spin-lattice relaxation rate may be written as the sum of rates of different contributions as
where R 1 (OBS) is the observed experimental relaxation rate, R 1 (CSA) is the contribution to the relaxation rate due to chemical-shift-anisotropy mechanism, and R 1 (2nd) is the relaxation due to an intermolecular interaction. The intermolecular interaction is assumed to be linear in concentration. The intercept of the plot in Figure 9 is the contribution from the intramolecular chemical-shift-anisotropy mechanism. The extrapolated chemical-shift-anisotropy contribution to the relaxation rate can be used to calculate the rotational correlation time from equation (1) . This calculation predicts a correlation time from the spin-lattice relaxation time of 69 ps. This value is comparable in magnitude to the correlation times observed by Gillies et al. [53] and by Wasylishen et al. [6] for other mercury-containing materials. Figure 3 provides evidence of very fast ligand exchange for HgCl 2 in DMSO. The question arises as to whether or not such exchange is fast enough to affect the spin-lattice relaxation of the 199 Hg nuclei. Shriver and Atkins [59] have noted that "complexes of low oxidation number d 10 ions (Zn 2+ , Cd 2+ , and Hg 2+ ) are highly labile," with typical exchange times on the order of "1 ns at room temperature." Huheey et al. [60] have noted that fast exchange of water gives first-order rate constants "on the order of 10 8 s -1 , which approaches the maximum possible rate constant (calculated to be 10 9 to 10 11 s -1 for a diffusion controlled reaction)."
In the present case of HgCl 2 in DMSO, conductivity measurements and 199 Hg NMR show that no ionization occurs. An estimation for the exchange time for the labile chlorine in the diffusion-limited case can be made by generalizing a method used to find mean free paths in gas-phase transport theory [61] . In brief, the Einstein-Smoluchowski equation [52] relates the diffusion coefficient to the parameters of a random walk. If the distance traveled by a random walker in each step is l 0 , and the time for each step is t step , then
The random walker traces out a path of length n*l 0 in a time T=n*t step , and thus sweeps out an encounter volume n*l 0 *A, where A is the reaction cross-section for the diffusing molecule. Combining these relations, eliminating t step , and noting that on average the diffuser will meet another HgCl 2 molecule when the encounter volume equals the inverse of the HgCl 2 concentration, one finds an average exchange time of
where c is the solute concentration. The step length, which is the distance a diffusing particle moves during the velocity decorrelation time, must be of the order the interparticle spacing in solution, say l 0 ~ 10 -10 m. Similarly, the reaction cross-section must have a value of molecular dimensions, e.g., A ~ π * (2 x 10 -10 m) 2 . Finally, the selfdiffusion coefficient of DMSO at 25 °C, D = 0.730 x 10 -9 m 2 /s [62] , is used as an estimate of the HgCl 2 diffusion coefficient, as both the short spin-lattice and spin-spin relaxation times of the 199 Hg nucleus in 1 M HgCl 2 solutions in DMSO preclude the direct measurement of the HgCl 2 by 199 Hg pulsed-field-gradient diffusion experiments. Inserting these estimated values into equation (5), an exchange time of ~1 ns is obtained for a 1 M solution of HgCl 2 . Given this lability of mercury ligands, it seems reasonable to assume that the DMSO molecules also exchange, probably on an even faster time scale [60] as DMSO is the solvent medium.
The time scales for the various processes should be kept in mind. The study and modeling of vibrational relaxation [63] indicate molecular collisions occur on the order of picoseconds in liquids. The rotational correlation times derived from the NMR relaxation measurements are on the order of 100 ps, in good agreement with "the rotational relaxation of solute particles of a few hundred cubic angstroms in volume [that] occurs on timescales of tens to hundreds of picoseconds," as measured in ultrafast laser studies [64] . Finally, the chlorine atoms exchange at a rate on the order of 1 per nanosecond. Given the magnetic moments of 35, 37 Cl, it is important to realize that this exchange is fast enough (compared with the inverse of the 199 Hg Larmor frequency) to affect the spinlattice relaxation of the 199 Hg significantly. This relaxation effect arises from the fluctuating magnetic field due to the time dependence of either the dipolar interaction between the mercury and the chlorine nuclei or scalar interaction [21] . This intermolecular exchange is, most likely, the origin of the intermolecular relaxation mechanism of the mercury nuclei.
In contrast to the 199 Hg relaxation behavior in solution, the 199 Hg spin-lattice relaxation time in the solid measured at 7.039 tesla is 51 s and is independent of temperature over range from 293 K to 400 K. This behavior is consistent with relaxation by paramagnetic impurities or defects.
Theoretical Prediction of Chemical Shielding
Electronic structure calculations may be used to determine the NMR chemical shielding [65] [66] [67] . The chemical shift, δ, is the difference in shielding between the nucleus in the species under investigation, σ s , and the shielding of the same nucleus in a reference compound, σ ref . It is determined by the following formula:
For lighter elements, the calculations are straightforward and can be performed with several commercially available programs. Accurate calculations for heavy atoms like mercury require that one account for the relativistic nature of the electrons. Nakatsuji et al. [65] used a spin-orbit-unrestricted-Hartree-Fock approach to perform the first ab initio calculations, including relativistic effects, to determine the isotropic 199 Hg shielding in the mercury dihalides. They concluded that the inclusion of terms such as the spin-orbit term was essential to explain, even qualitatively, trends in chemical shielding.
The ZORA-DFT technique, unlike that of Nakatsuji et al. [65] , recasts the Hamiltonian for the one-electron Dirac equation as a Hermitian operator that does not suffer from variational instabilities in the core region of a heavy atom [66] . The ZORA-DFT chemical shielding is the sum of three terms: a paramagnetic contribution, a diamagnetic contribution, and a spin-orbit (or Fermi-Dirac) contribution. Importantly for the interpretation of relaxation measurements, the ZORA-DFT-NMR shielding calculation gives the principal elements of the chemical-shielding tensor. For example, Wolff et al. [66] used the ZORA-DFT method to account for relativistic effects in the calculation of isotropic 199 Hg NMR chemical shifts of the dihalides and in clusters meant to simulate the effects of solvents, such as tetrahydrofuran (THF), methanol, DMSO, and pyridine, on chemical shielding of the dihalides in solution. Based on their calculations, they conclude that "it is reasonable to assume that for the solvents THF, DMSO, and pyridine, the mercury halides are closest to their gas phase nature in THF, and furthest from their gas phase nature in pyridine." In later reports, Jokisaari et al. [67, 68] gave the results of calculations, also from ZORA-DFT calculations, of the isotropic shielding, the anisotropy of the chemical shielding, and 199 Hg-13 C spin-spin couplings in the methylmercury halides. For all of the systems they considered, the measured anisotropy of the chemical shielding was quite large, ranging from 4800 to 7300 ppm. The ZORA-DFT calculations also gave large values for the anisotropy, but consistently overestimated the halide chemical-shielding anisotropies by over a thousand ppm. The calculations correctly predicted the trend of the anisotropy with halide ion. However, the calculated isotropic shift with respect to dimethylmercury was consistently less shielded (often by 100 -200 ppm) than the measured shift. These results reflect the state of the art of this type of calculation.
Wolff et al. [66] report that a change in the bond length of 1 pm in HgCl 2 results in a change of approximately 50 ppm for the calculated isotropic shifts. They also report a change of approximately 100 ppm for every 10° change in the Cl-Hg-Cl bond angle. Therefore, calculated 199 Hg chemical shifts within a few hundred ppm are quite good, given that the 199 Hg chemical shift range is over 5,000 ppm [65] . Similarly, Autschbach and Ziegler [69] found substantial solvent effects on the 199 Hg-13 C spin-spin coupling constants of methyl mercury halides.
The ZORA-DFT technique is used in this study to calculate the 199 Hg NMR shieldings of solid HgCl 2 and of HgCl 2 complexed with DMSO to represent structures in the solid state and those that may exist in solution (with fully optimized structures for the solution models). The models were clusters of varying size, to emphasize the fact that the molecules do not exist in isolation. The results for clusters of HgCl 2 of different size provide an indication of the importance of short-and long-range interactions.
The chemical shielding of dimethylmercury, the standard reference material in 199 Hg NMR, was examined by calculations on clusters of various sizes. Table III reports the contributions to the chemical shielding of dimethylmercury from the diamagnetic, paramagnetic, and spin-orbit terms. The principal components of the magnetic shielding tensor are given, with the isotropic shielding and the anisotropic components also being listed. These results show that, regardless of the cluster size, the isotropic chemical shielding is approximately 8000 ppm and the anisotropy of the chemical shielding tensor is between 7600 and 8000 ppm. The calculations also indicate that the chemical shielding tensor of dimethylmercury is approximately axially symmetric. The diamagnetic contribution is essentially the same for all clusters. The paramagnetic and spin-orbit contributions vary slightly from one cluster to another, but in each case the differences are less than 50 ppm for the paramagnetic contribution and 20 ppm for the spin-orbit contribution. These numbers are close to those of the chemical shielding anisotropy of dimethylmercury reported by Jokisaari et al., particularly for their model C [67] . For the purpose of referencing the chemical shift results, 8000 ppm is used as the isotropic chemical shielding of dimethylmercury.
The results for two clusters representing the local environment of the HgCl 2 molecule in the solid are reported in Table I . The isotropic shifts of the two clusters are approximately 150 ppm less shielding than observed by experiment, consistent with previous calculations using the ZORA-DFT method [66, 67] . The calculated spans (Ω = |δ 33 -δ 11 |) for both clusters are larger than the experimentally measured span. The calculated skews (κ = 3(δ iso -δ 22 )/Ω) indicate a structure with symmetry very close to axial symmetry [Table I ], a fact that agrees with the x-ray crystallographic point symmetry.
A detailed comparison of the calculated results for the small and large clusters shows some significant differences. All of the elements of the shift tensor for the small cluster are further from the experimental values than are the elements of the large cluster. That being said, the calculated isotropic shifts for the two clusters are virtually identical. This fortuitous agreement results from the fact that the difference between the calculated δ 3 of the two clusters is almost offset by the sum of the opposite deviations of the other elements. While the isotropic shift and the skew are approximately the same for both clusters, the closer agreement of the span with experiment shows that calculations on the large cluster are more consistent with experiment, although these calculations on the large cluster must also be considered qualitative. Thus, the results on the large cluster more accurately represent the local environment in solid HgCl 2 . This suggests that using the largest clusters possible for calculations is advisable in modeling solid materials.
To understand the state of HgCl 2 in solution, one must model interaction between the solvent and the mercury halide. It has been previously suggested that in solutions with solvents like methanol, tetrahydrofuran, DMSO, and pyridine, the degree of association varies from solvent to solvent, and that these interactions affect the observed NMR parameters [14, [44] [45] [46] [47] [48] [49] . To address the possibility of interactions between HgCl 2 and the solvent in DMSO solutions, calculations were performed for a series of clusters that incorporate DMSO with HgCl 2 in various geometric configurations (Figure 10 ). The results of these calculations are presented in Table IV . In several clusters there are two Hg sites, for each of which the chemical-shielding parameters are reported.
A comparison of the calculated NMR spans of the clusters of HgCl 2 with the calculated spans of the two clusters representing HgCl 2 in the solid state shows that, in all cases, the calculated spans of the DMSO-HgCl 2 complexes are predicted to be smaller than the spans of solid HgCl 2 , in some instances smaller by a factor of almost 2. This has important implications for the analysis of the experimental relaxation data because the chemical-shielding anisotropy of the complex is what determines the relaxation rate in solution, not the chemical-shielding anisotropy of the pure solid HgCl 2 . These results are also consistent with the spectrum of the frozen solution in Figure 6 , for which the span is approximately 2300 ppm. Neglecting the cluster of two HgCl 2 molecules with six DMSO molecules (for which the span seems much smaller than the others), the spans tend to be around 3000 ppm. For example, the average span over all of these clusters except the last is 3060 ppm. This is in reasonable agreement with the observed span in Figure 6 . The calculated isotropic shifts of the clusters, excepting the last, are in the range from -1645 ppm to -2101 ppm, with an average isotropic shift of -1840 ppm. Again, this is in reasonable agreement with the isotropic shift observed in Figure 6 , considering the state of the art of this kind of calculation. At this level, one cannot distinguish among the various clusters. In fact, in solution the system may exist transiently in each of these environments (and perhaps in even more). What is clear from the calculations and the experiment is that the anisotropy of HgCl 2 in solution is smaller than that for HgCl 2 in the solid state.
Conclusions
The NMR relaxation of HgCl 2 in solution in DMSO is shown to be a result of intermolecular and intramolecular interactions, the chemical-shift-anisotropy mechanism being dominant. An estimate of the chemical-shielding anisotropy determined on a frozen solution of HgCl 2 in DMSO indicates a rotational correlation time is 69 ps at room temperature. The temperature dependence of the relaxation time constant gives an activation energy for the process modulating the chemical-shift anisotropy of 16.6 ± 1.2 kJ/mol. Chemical shift measurements on solid HgCl 2 at various magnetic fields and spinning rates define the chemical-shift tensor accurately. In particular, within experimental error, all of the present measurements show that the 199 Hg chemical-shift tensor is axially symmetric, in contradiction to an early determination of the chemical-shift tensor of this material [49] by magic-angle spinning. Chemical shift measurements on a frozen solution of HgCl 2 in DMSO demonstrate that, when interacting with the solvent, the span of the chemical-shift tensor is reduced to approximately 2270 ppm from the observed solid-state value of 3636 ppm.
ZORA-DFT calculations on clusters that model solid HgCl 2 and HgCl 2 in DMSO solution predict NMR parameters that are qualitatively in agreement with experiment. That is, the calculations predict that the chemical-shift span of the solid is larger than that of the material in a DMSO solution. However, the results are, at best, qualitative. In particular, the calculations on the various clusters are not sufficient to determine whether one or a few clusters model the situation in solution. In general, the present calculations predict qualitative trends, but the calculated spans are consistently larger than those observed experimentally. The comparison of calculations on two clusters of HgCl 2 in the solid state shows that a larger, more extended structure more closely agrees with experiment, but even that agreement is qualitative. This suggests that longer-range effects in the solid state must be considered to get better agreement between theory and experiment. Tables   Table I. 199 
